A cost-effective, easily-accessible neuro-motor rehabilitation solution is proposed that can determine the range of motion and the kinematic ability of participants. A serious game comprising four-scenarios are developed in which the players control an avatar that mirrors the rotations of the upper-limb joints through multi-channel-input devices (Kinect, Myo, FootPedal). Administered functional reach tests (FRT) challenge the player to interact with a 3D-environment while standing or sitting and using the FootPedal which simulates the action of walking whilst body movement is measured concurrently. The FRT's complexity level is adapted using a Monte Carlo Tree Search algorithm which determines a virtual object's position based on the proved ability of the user. Twenty-three volunteers were recruited to play the game in 45-minute sessions. The data show that the system has a more positive impact on players performance and is more motivating than formal therapy. The visual representation of the trajectory of the objects is shown to increase the perception of the participants voluntary/involuntary upper extremity movement, and the results show a comparable inter-session reliability (acceptable-good) over two repeated sessions. A high Pearson correlation demonstrates the validity of using Kinect and Myo devices in assessing upper-limb rehabilitation, and the timing and the clinically relevant movement data have a higher accuracy when the devices are paired.
Introduction
1 Stroke, brain injury and multiple sclerosis are the leading causes of most disabilities in adults which result in neuro-motor for 3-seconds (the duration reflects an appropriate balance between playability and difficulty), "Sling-Shot" to knock-down virtual boxes and "Fruit-Collection with the FootPedal" to navigate between pre-established key points and collect virtual 40 objects [14] . The frequencies of the entire data collection were normalised to facilitate comparison between Kinect and Myo 41 when continuously estimating and comparing arm orientation. The reliability and accuracy of the devices in measuring func-42 tional and clinically relevant movements of the upper limb were also investigated. Use of a FootPedal is not significant to this 43 study and only reported as work in progress for future developments to the game. MCTS is a probabilistic algorithm based on the random simulations of paths taken by an upper limb (combination of joint positions) to grow the tree (path) structure. It uses the "upper-confidence-bound-for-trees" (UCT) selection strategy to 48 pick the highest victory ratio and construct confidence intervals [3, 11, 16, 7] . Fig 2 (a) shows the four-stage algorithm that 49 is broken down into Selection, Expansion, Simulation, and Backpropagation and described in detail by [3, 6] . Fig 2 ( 
shows a branch of the tree of the rehabilitation game structure represented by a 'right hand' with its child nodes. The algorithm 51 iteratively builds a search tree until a predefined number of evaluations is reached. The search stops and the best performing 52 root-action returned. The next action is chosen according to the stored statistics according to a balance between exploitation 53 and exploration. If the selected action is less promising, it continues exploration. Child nodes are added to grow the tree 54 according to the available satisfactory weighting of actions. A roll-out is performed when a predefined stop criterion is met, 55 the score is backed-up to the root node, and the reward is saved. The pseudocode is presented in Algorithm 1. CT ← RetrieveCon f idenceT ree(S taticData) WaitForU serResponse() 8:
AllowedT ime
9:
PropagateT hroughT ree(CT, Con f idence) 10: end while
Game Design
In designing the game scenarios, a broad spectrum of rehabilitation exercises were devised using advice obtained through 58 collaboration and consultancy from physiotherapists. The game was adjusted continuously throughout the development pro-59 cess in accordance to the experts' feedback. Fig 4 (a) shows a screenshot of the "Fruit-Collection" game; a 3D-virtual-park 60 with virtual-fruits that are generated based on the MCTS algorithm. The player interacts with fruits by grabbing them (show 61 the palm to the Kinect, open/close the fingers) and then holds on to that fruit and releases it when the reach is above the virtual 62 basket. A valid release condition is flagged to the player by a change from a flashing red to flashing green bottom surface.
63
Once released, gravity pulls the fruit down, it hits/lands in the basket, the score is achieved and recorded, and the fruit disap- and presses a button steadily for 3-seconds, and a virtual ring with green dots appears (one per second) for visual feedback.
69
The 3-second steadiness is a default value based on our observation throughout the study that no frustration or fatigue was 70 reported by the participants whilst still being challenging to achieve. This sensitivity duration can however be is however be 71 adjusted through the game menu. Fig 4 (d) illustrates the "Fruit-Collection and FootPedal" game where the avatar walks into the park to collect fruits spawned 78 in various locations. Walking is managed by the FootPedal, and the player reaches the highlighted (dark yellow) locations 79 in the virtual world to collect the fruits. When the player reaches a highlighted spot a virtual basket appears that is used to 80 collect the rewards. The same rules are applied for grasp and release actions. The FootPedal algorithm measures the amount 81 of pressure applied to the footrests and determines if the steps are taken in the right order (otherwise the forward movement 82 would not take place). The left/right feet push takes the avatar forward, and toe presses enable turning left/right. The footrest 83 sizes are adjustable and have non-slip materials to hold the foot steady. A left foot pressure is −1, neutral is 0, and a right foot 84 pressure is +1. If the average is negative the left foot is dominant if it is positive the right foot is dominant, and zero means 85 both feet apply equal pressures. Fig 4 (e) plots the trajectory of the FootPedal taken from a healthy subject. It shows that the 86 wave oscillates symmetrically around zero and the mean is zero. Twenty-three participants volunteered for this study (approved by the researchers' affiliated institutional Research Ethics 89 Committee). Of this cohort 10 healthy subjects (with no known motor defects) were selected to form two Control Groups 90 (CG:5 males, 5 females); 2 participants were post-stroke (PS: 2 males); 2 participants had Traumatic Brain Injury (TBI: 1 91 male, 1 female) and 9 participants had multiple sclerosis (MS: 3 male, 6 female). The cohort had mean age of 37 (range is 92 Figure 4 : Screen shots of the game scenarios (a) the "Fruit-Collection" game, (b) the "Button-Press" game, (c) the "Sling-Shot" game (d) the "Fruit-Collection-FootPedal" game. All the games were played by CGs. The forearm data were taken by the Kinect and Myo devices; the orientation was normalised. (e) The "Fruit-Collection-FootPedal" with a CG playing the game using the FootPedal device to simulate the avatars' walking. 25−64 years). In preparation for game play a Myo armband was located on the participant's arm above and below the elbow (15) 184 (12) 189 (13) 192 (13) 3.1 0.89 0.80 0.28 0.004 5.5 values: mean value (S .D. value), Pearson s paired samples correlation (r), intra-class correlation coefficient (ICC 2,1 (95%), type 2, 1), Limit of Agreement (LoA 95% ), Coefficient of Variation Error (CV E ). of the Kinect intra-sessions were 11 • and 9 • for session one and session two respectively. In all cases the values measured 154 by Kinect were overestimated compared to the Myo. The Bland Altman method was used to calculate the mean difference 155 between the measurement of the two devices with 95% limits of agreements (LoAs) above 10%. There was no significant 156 inter-session differences in ROM and the P-Value is > 0.05 apart from the "Fruit-Collection-with-FootPedal" game. The
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